The in vitro and in vivo antioxidant activities of feathers protein hydrolysate (FPH), produced by fermentation with the keratinolytic bacterium, Bacillus pumilus strain A1, were evaluated. The antioxidant activities of FPH, evaluated using DNA nicking and ferrozine assays, demonstrate that FPH present an important antioxidant potential. Interestingly, the addition of this hydrolysate (2.5 and 5%) to the feed of rats caused a significant decrease in the rate of thiobarbutiric acid reagent substances (TBARS) and the enzymatic antioxidants activities (superoxide dismutase, glutathione peroxidase and catalase) in liver, kidney, heart, brain and cerebella, as compared to the control. However, the supplementation of the standard food by 2.5% of untreated feather meal or 5% of soya is associated with an increase of the TBARS rate and enzymatic antioxidant activities. These results indicate that FPH may be useful as supplementary proteins and natural antioxidant in animal feed formulation.
INTRODUCTION
Feathers are produced in large amounts as a waste byproduct at poultry-processing industries, reaching millions of tons annually throughout the world. Feathers, consisted mainly of keratin characterized by its high recalcitrant nature, could be an important protein source in animal feedstuff. In fact, keratinous wastes were efficiently bioconverted by keratinolytic microorganisms (Dastager et al., 2009 , Ouled Haddar et al., 2009 , Fakhfakh et al., 2009 , Kumar et al., 2010 . The resulting hydrolysate was characterized by a high nutritional value as compared to feathers converted by classic physicochemical treatments (Papadopoulos et al., 1986) . Consequently, the feathers hydrolysate can serve as protein complements in animal feed (Coward et al., 2006 , Grazziotin et al., 2008 ) and *Corresponding author. E-mail: nahedfakh_zouari@yahoo.fr. Tel: +21674274088. fish aquaculture (Bishop et al., 1995) .
Fish feeds containing high levels of polyunsaturated fatty acids, were protected against lipid oxidation in the presence of synthetic antioxidants, mainly ethoxyquin and butylated hydroxytoluene (BHT) (Hamre et al., 2010) . Recently, there has been a substantial carry-over of these antioxidants to the fish fillet and the mandatory two weeks starvation period before slaughter of farmed fish is not sufficient for clearance of these antioxidants from the fillet (Bohne et al., 2008 , Hamre et al., 2010 . Therefore, a switch to natural antioxidants in fish feed ingredients would be an advantage both for the aquaculture industry, and with regard to consumer health and well-being. Furthermore, the relationship between nutrition and animal health has long been recognized. Animal's morbidity and mortality can be explained partly by impaired immune responsiveness. Consequently, the role of dietary natural antioxidants in immunity and health of animals is of prime importance (Chew, 1996) . A number of oxygenated compounds were produced during the attack of free radicals against membrane lipoproteins, proteins and polyunsaturated fatty acids. One of them is malondialdehyde (MDA) which could be used as an indicator of oxidative stress, as its concentration in plasma increased as a result of free-radical processes. The antioxidative system enables transformation of reactive oxygen species (ROS) into inactive and harmless compounds. Natural antioxidant enzymes such as superoxide-dismutase (SOD), glutathione peroxidase activity (GPx) and catalase (CAT) provided primary defense against ROS. SOD could selectively scavenge a superoxide radical by catalysing its dismutation to hydrogen peroxide and molecular oxygen, while GPx and CAT served to decompose hydrogen peroxide to the unreactive species. Therefore, in vivo studies could provide valuable information on how dietary antioxidants can protect against oxidative damage in some tissues (Farombi et al., 2004 , Pasko et al., 2010 .
To the best of our knowledge, this is the first report highlighting the in vivo antioxidant potential of a keratinous waste hydrolysate. The effect of dietary supplementation with feathers protein hydrolysate, feathers meal and soya on corporal mass and oxidative status of Wistar rats was investigated.
MATERIALS AND METHODS

Feather meal
Chicken feathers, supplied by a local poultry industry (Chahia, Tunisia), were washed 3-fold with tap water and then with distilled water. The washed feathers were then cooked until they were boiled for 20 min and pressed to remove water. The resulting pressed product was minced using a blender, dried at 90°C for 22 h, minced again and sifted to obtain a fine powder, and stored at room temperature.
Bacterial strain
B. pumilus A1 producing alkaline keratinases was isolated from a slaughter house polluted water in Sfax city (Tunisia). It was identified on the basis of the 16S rRNA gene sequencing (EU719191) (Fakhfakh-Zouari et al., 2010) .
Preparation of feather protein hydrolysate
The strain B. pumilus A1 was routinely grown in Luria-Bertani (LB) Fakhfakh et al. 939 broth medium composed of (g/L): peptone, 10; yeast extract, 5; and NaCl, 5 (Miller, 1972) . The medium used for feather protein hydrolysate (FPH) production was composed of (g/L) chicken feather, 50; KH2PO4, 0.5; K2HPO4, 0.5; NaCl, 2.0; KCl, 0.1; and MgSO4 (7 H2O), 0.1; pH 10.0. The media were autoclaved at 121°C for 20 min.
Cultivations were conducted in a 1 L Erlenmeyer flask containing 100 ml culture medium maintained for two days at 45°C and 250 rpm. After incubation, the culture was autoclaved and dried overnight at 90°C. The product was hammer milled to reach 1 mm mesh screen and stored at room temperature until used.
In vitro antioxidant activity test DNA nicking assay DNA nicking assay was performed using pCRII™TOPO plasmid (invitrogen) by the method of Lee et al. (2002) with slight modifications. A mixture of 10 µl of FPH at a concentration of 2 mg/ml and plasmid DNA (0.5 µg/well) were incubated for 10 min at room temperature followed by the addition of 10 µl of Fenton's reagent (30 mM H2O2, 50 µM L-ascorbic acid and 80 µM FeCl3). The mixture was then incubated for 5 min at 37°C. The DNA was analysed on an agarose gel (1%).
Determination of metal (Fe
2+ ) chelating activity of FPH (ferrozine assay)
The chelating activity of the FPH for Fe 2+ was measured according to the methods described by Dinis et al. (1994) . To 0.5 ml of FPH, 1.6 ml of deionised water and 0.05 ml of FeCl2 (2 mM) was added, followed by the addition of 0.1 ml of ferrozine (5 mM) after 15 min. After 10 min at room temperature, the absorbance of the Fe 2+ -ferrozine complexes with red or violet colour was measured at 562 nm. The chelating anti-oxidant activity for Fe 2+ was calculated according to the following formula:
Chelating rate (%) = (Ac -As) / Ac × 100
Where, Ac is the absorbance of the control reaction and As is the absorbance of the sample extract.
Animals and treatment
Adult male Wistar rats (n = 30), weighting 190 ± 2 g, were purchased from Central Pharmacy, Tunisia. Animals were acclimatized for seven days at room temperature (22 ± 2°C) with a 10 h of darkness and 14 h of light in a room under hygienic conditions. They were fed with a standard diet supplied by the Society of Animals Nutrition, Sfax, Tunisia. The standard diet was composed of wheat, sound, lucerne, soya, oil and vitamins minerals compound (VMC). The physico-chemical composition of the standard food is illustrated in Table 1 . The rats were randomly divided into five groups containing six rats each and caged separately. Animals of one group remained on the standard diet and were considered as control animals. The other groups of animals were switched to the treatment diet containing 2.5% FPH, 5% FPH, 2.5% feather meal (FM) and 5% soya, for 15 days before slaughtering. The animals were sacrificed on the morning of the 16th day and the organs (liver, kidney, heart, brain and cerebellum) were separated, washed and weighed. 1 g of each rat organ was cut into small pieces and immersed into 2 ml of ice-cold lysis buffer (TBS : Tris 50 mM, NaCl 150 mM, pH 7,4), then sonicated (for 10 s, twice) and centrifuged (5000 g, 30 min, 4°C). Organ extracts were collected and stored at -80°C for the biochemical analysis.
Biochemical analysis Estimation of lipid peroxidation
Lipid peroxidation was estimated as evidenced by the formation of the TBARS. TBARS were assayed in tissues by the method described by Yagi (1976) . MDA and other TBARS were measured by their reactivity with thiobarbituric acid (TBA) in an acidic condition to generate pink coloured chromophore which was read at 530 nm.
375 µl of organ extracts were homogenized with 150 µl of TBS and 375 µl of BHT in order to precipitate proteins and centrifuged (1000 g, 10 min, 4°C). 400 µl of supernatant were mixed with 80 µl of HCl (0.6 M) and 320 µl of Tris-TBA (Tris 26 mM ; TBA 120 mM), and the mixture was heated for 10 min at 80°C. The absorbance of the resultant supernatant was read at 530 nm. The amount of TBARS was calculated using an extinction coefficient of 1.56 10 5 mM -1 cm -1 .
Enzyme assays
SOD activity was assayed by measuring its ability to inhibit the photo reduction of nitroblue terazolium (NBT) (Asada et al., 1974) . In this assay, one unit of SOD is defined as the amount required inhibiting the photo reduction of NBT by 50%. 50 µl of organ extract was combined with 1 ml of EDTA-methionine (0.1 mM EDTA ; 13 mM methionine), 842.2 µl of 50 mM phosphate buffer (pH 7.8) and 85.2 µl of NBT solution (2.64 mM prepared in phosphate buffer 50 mM). Riboflavin was added to a final concentration of 0.26 mM and switching on the light started the reaction. The absorbance was read at 580 nm after incubation for 20 min. The activity of catalase was assayed by the method of Aebi, (1974) . The reaction mixture contained 780 µl of 1 M phosphate buffer, 200 µl of 500 mM H2O2 and 20 µl of the supernatant. The reaction started by adding H2O2 and its decomposition was monitored directly by the decrease in absorbance at 240 nm for 1 min. The enzyme activity was calculated using an extinction coefficient of 0.043 mM -1 cm -1 . GPx activity was assayed by the method of Flohe and Gunzler (1984) . 200 µl of organ extract was combined with 400 µl of glutathione (GSH) (0.1 mM) and 200 µl of KNaHPO4 (67 mM). The mixture was incubated for 5 min at 25°C. After that, 200 µl of H2O2 (1.3 mM) was added to initiate the reaction. After 10 min, the reaction was stopped by the addition of 1 ml 1% (w/v) trichloroacetic acid and was allowed to rest for 30 min at room temperature, and then it was centrifuged for 10 min at 3000 rpm. After a specific time, the remaining GSH content was measured by Ellman's method (1959) . 480 µl of the supernatant was mixed with 2200 µl of Na2HPO4 (0.32 M) and 320 µl of 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB, 1 mM). The yellow colour developed was read at 412 nm.
The protein rate was determined by Lowry et al. (1951) using the bovine serum albumin as standard.
Statistical analysis
Means ± SEM were calculated for the different groups of rats. The statistical evaluation of the data was achieved using Student's t-test as described by Garret (1956) . Statistical significance was set at p ≤ 0.05.
RESULTS
In vitro studies
At first, the in vitro antioxidant activity of FPH was assayed using DNA nicking assay and ferrozine assay.
DNA damage protection potential assay
Hydroxyl radical is the most reactive free radical. It has the highest 1-electron reduction potential (2310 mV) (Korycka-Dahl and Richardson, 1978) and can react with lipids, polypeptides, proteins and DNA, especially thiamine and guanosine (Ashok and Ali, 1999) . In order to test DNA damage protection potential of FPH, the effect of FPH at a concentration of 2 mg/ml on DNA cleavage was investigated.
Hydroxyl radicals generated by the Fenton reaction are known to cause oxidative induced breaks in DNA strands to yield its open circular or relaxed forms. Figure 1a shows the agarose gel electrophoresis pattern of plasmid DNA incubated with Fenton's reagent in the absence and presence of FPH. Lane 1 shows an untreated plasmid with its two forms: the upper one is the open-circular (nicked) DNA and the faster migrating band corresponded to supercoiled (closed circular) plasmid. Incubation of plasmid DNA with Fenton's reagent in the absence of FPH resulted in the complete degradation of the two DNA bands (native supercoiled circular DNA and open circular form) (lane 2). This DNA damage was reduced in the presence of FPH. In fact, in the presence of 1 mg/ml, the FPH showed a moderate protection to supercoiled plasmid and a complete protection to the open-circular (nicked) DNA.
Metal (Fe 2+ ) chelating activity
The metal-chelating activity is also widely used in evaluating the antioxidant activity of different natural products. Transition metal ions can stimulate lipid peroxidation by two mechanisms, namely by participating in the generation of initiating species and by accelerating peroxidation decomposing lipid hydroperoxides into other components which are able to abstract hydrogen, perpetuating the chain of reaction of lipid peroxidation (Deshpande et al., 1995) . The dark color complex formed by the interaction of ferrozin with Fe 2+ ions was decreased by the action of metal chelator compounds that exist in the reaction mixtures. Data presented in Figure 1b shows the chelating activity of FPH at different concentrations (0.5 to 6 mg/ml) compared with ethylenediaminetertracetic acid (EDTA) as positive standard. The results show that the percentages of inhibition of the ferrozine-Fe 2+ complex formation increased linearly with the FPH concentration. Although the chemical EDTA exhibited the highest antioxidant activity, natural antioxidants are of growing interest.
In vivo study
In this study, feed of rats was supplemented with FPH at concentrations of 2.5 and 5% for 15 days before slaughtering. Feather meal (2.5) and soya (5%) which represented no hydrolyzed protein sources were also tested.
No mortality and no evident signs of neurotoxicity (trembling, respiratory difficulties) were recorded in all the treated rats.
Effect of the FPH on corporal and organs mass
Live body mass was recorded during animal raising. As represented in Figure 2 , the incorporation of 2.5 or 5% FPH in the rats' diet resulted in a slight increase of the body mass compared with control rats fed with a standard food (Figure 2) . Furthermore, the increase of rats' body mass was accompanied by an increase of the mass of the various organs compared to control rats (Figure 3) .
However, the addition of 5% soya or 2.5% FM to the rats' diet resulted in an important decrease of corporal and all organs masses with regard to the control diet (Figure 2,  3) . Thus, the use of feather hydrolysate favors a better growth of rats.
Impact of the treatment on the lipid peroxydation
Lipids of living bodies are particularly sensitive to the oxidation, especially those formed by polyunsaturated fatty acids in cellular membranes (Halliwell et al., 1992) . So, numerous products are generated during the lipids peroxydation most of which are mutagens. Among these products, considered as markers of this peroxydation, we can quote MDA which results from the fragmentation of the polyunsaturated peroxide fatty acids, the thiobarbutiric acid, hydrocarbons with short chains and hydroxy-Afr. J. Biotechnol. alkenal (Sahnoun et al., 1997) . The consumption of 5% soya or 2.5% FM provoked a significant increase of TBARS level in all organs, which indicate the oxidative effect of these treatments ( Figure  4) . However, the administration of FPH in the food of rats significantly decreased the peroxydatif effect in their organs at levels lower than those of the control rats (Figure 4 ). This indicates the beneficial effect of FPH against the oxidative stress and confirms the in vitro antioxidant activity of the FPH.
Impact of the treatment on the antioxidant enzymatic system
In vivo, a variety of enzymatic antioxidants, such as catalase, superoxide dismutase and glutathione peroxidase provide a primary defence against reactive oxygen species (Dimitrios, 2006) . Measurements of these enzymes activities in various organs extracts is an interesting tool to evaluate the effect of FPH, soya and FM on the oxidative status of rats.
Impact of the treatment on SOD
The administration of 5% soya or 2.5 % FM in the rats' food resulted in a significant increase of the SOD activity in all the organs compared with control rats (Figure 5 ).
This testifies the increase of the free radicals and the establishment of an oxidative stress by the ingestion of unhydrolysed proteins.
However, the addition of 2.5 or 5% of FPH in the food significantly decreased the SOD activity, which showed the beneficial effect of this hydrolysate as antioxidant and confirms the antioxidant activity attributed to the FPH.
Impact of the treatment on the catalase activity
As shown in Figure 6 , there was a significant increase in the catalase activity to rats treated with 5% soya or 2.5 % FM compared with control z rats. Nevertheless, the addition of FPH in the food of rats showed a significant decrease in the catalase activity. This decrease confirms the presence of antioxidant activity in the FPH associated with the presence of the small peptides.
Impact of the treatment on the GPx
The measure of the GPx activity showed a significant increase of the production of this enzyme in the liver, the kidney, the heart, the brain and the cerebellum of rats fed with 5% soya or by 2.5 % FM compared with control rats (Figure 7) . The rats fed with feed supplemented with 2.5 or 5% FPH resulted in a significant decrease in the production of the GPx activity.
DISCUSSION
Microbial conversion of keratinous wastes constitutes a potential technique for their biodegradation and valorisation with respect to cost-effectiveness and environment protection (Shih, 1993; Dalev, 1994) . In this work, a feather-degrading bacterium, B. pumilus A1 was used to produce FPH, which was examined for its capacity to contain metabolisable protein and antioxidant peptides. The in vitro antioxidant activity of FPH was demonstrated using DNA nicking and ferrozine assays. In fact, the FPH effectively mitigates the oxidative stresses on susceptible biomolecules, such as DNA. A similar result was obtained with antioxidant peptides from bullfrog muscle protein hydrolysate (Je et al., 2007) . In addition, the FPH exhibited a strong inhibition of ferrozine-Fe 2+ complex formation. This was probably due to the presence of peptides in FPH which can act as excellent metal chelators. A similar result was reported by Chan and Decker (1994) , who showed that the antioxidant activity of meat dipeptide carnosine was due to its metal chelating activities. Furthermore, the hydrolysates obtained from porcine myofibrillar proteins by treatment with papain or actinase E possessed 1, 1-diphenyl-2-picrylhydrazyl radical scavenging activity and chelating activity toward metal ions (Saiga et al., 2003) .
Oxidation in foods constitutes one of the major causes of their deterioration (Antolovich et al., 2002) . Utilisation of synthetic antioxidants, such as butylated hydroxyanisole, BHT and propyl gallate to retard lipid oxidation is regulated because of the possible health risks associated with their use (Bohne et al., 2008; Hamre et al., 2010) . For this reason, the replacement of synthetic antioxidants with natural antioxidants could have beneficial effects in terms of health implications (Moure et al., 2001 ). Thus, the FPH can be used as a natural antioxidant for the protection of food against deterioration.
In terms of foods, antioxidants are compounds which are able to delay, retard or prevent auto-oxidation processes (Mielnik et al., 2003) . However, in terms of the effects in the animal body, an antioxidant can be defined as ''a substance that significantly decreases the adverse effects of reactive species, such as reactive oxygen and nitrogen, on normal physiological functions" (Huang et al., 2005) . Therefore, it is necessary to perform in vivo assays to ensure that the in vitro antioxidant activity of FPH are bio-available following ingestion and can reach a target site and administer a response in a living system. The FPH was incorporated in the diet of rats to study its effect on their physical growth and on the in vivo lipid peroxidation.
The rats fed with feed supplemented with 2.5 or 5% FPH resulted in a slight increase of the body mass compared with control rats and with rats fed with a food supplemented with 5% soya or 2.5% FM. In agreement with these results, feather hydrolysate obtained with Vibrio sp. kr2 strain showed better in vitro nutritional features than feather meal (Grazziotin et al., 2006) and could substitute up to 20% of soybean protein when supplemented with methionine in the animal diets (Grazziotin et al., 2008) . Moreover, protein hydrolysates obtained from submerged cultivation of keratinolytic bacteria on poultry feathers showed upgraded nutritional value of feather keratin (Grazziotin et al., 2006; Bertsch and Coello, 2006) . In a previous study, weights of rats fed with a diet containing enzymatic hydrolysate of horn and hoof (EHHH) from cow and buffalo did not show differences from those of standard rats (Ohba et al., 2003) .
Interestingly, the administration of FPH in the food of rats significantly decreased TBARS levels in their organs at levels lower than those of the control rats. This indicates the beneficial effect of FPH against the oxidative stress and confirms its in vitro antioxidant activity. This protective effect was also demonstrated with EHHH from cow and buffalo (Ohba et al., 2003) .
The antioxidant activity of FPH was associated with the presence of amino acids and small peptides that exert physiological benefits when consumed in vivo. According to the literature, the antioxidant peptides have a size lower than 20 amino acids. They are inactive within the sequence of the parent proteins and may be released by proteolytic hydrolysis using commercially available enzymes or proteolytic microorganisms and fermentation methods (Vercruysse et al., 2005) . After digestion, bioactive peptides can be absorbed in the intestine and enter the blood stream directly, which ensures their in vivo bioavailability and a physiological effect at the target site (Erdmann et al., 2008) .
The high rate of TBARS, due to the addition of FM or the soya in the food of rats, is associated with an increase of the enzymatic antioxidant activities such as catalase, superoxide dismutase and glutathione peroxidase. The important expression of these enzymes confirms the oxidative effect of FM and soya. In fact, oxidative stress is known to induce the production of ROS scavenging enzymes (Niskanen et al., 1995) . The oxidative stress resulting from the supplementation of the standard food by 5% soya, can be explained by a nutritional imbalance caused by an excess of proteins. Previous studies demonstrated that excess of protein intake can cause an oxidative damage (Youngman, 1993) . In the case of diet supplemented by 2.5% of FM, the resulting oxidative stress may be explained by the fact that keratin is indigestible. Nevertheless, when FPH was added, a significant decrease in the antioxidant enzymatic system of various tissues was observed. In fact, FPH compounds protect these tissues from lipid peroxidation by their antioxidant ability and consequently lipid peroxidation is reduced. Dietary supplementation with FPH would allow protecting the animal against oxidative stress.
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